INTRODUCTION
============

Neurons throughout the nervous system use voltage-activated sodium (Nav) channels to rapidly propagate electrical signals, often over long distances ([@bib37]). In specialized peripheral neurons in the dorsal root ganglion (DRG), Nav channels are crucial for transmitting nociceptive sensory information to the central nervous system ([@bib7]; [@bib32]). Of the nine Nav channel isoforms identified in humans (Nav1.1--Nav1.9), three are primarily expressed in the peripheral nervous system: Nav1.7 is present in both sensory and sympathetic neurons, whereas Nav1.8 and Nav1.9 are mainly found within small-diameter (≤27-µm) neurons in DRG and trigeminal ganglia ([@bib18]). Because of their strategic expression in sensory neurons, these three Nav channel isoforms have been the subject of studies aimed at elucidating their roles in nociception ([@bib3]; [@bib31], [@bib32]; [@bib58]; [@bib62]; [@bib5]; [@bib28]; [@bib33]; [@bib34]; [@bib85]; [@bib47]).

Nav1.9 is a particularly interesting sensory neuron-specific channel because it has the most divergent amino acid sequence among all Nav channel isoforms ([@bib37]), and it has uncharacteristically slow activation and inactivation kinetics in DRG neurons ([@bib29]; [@bib54]; [@bib62]; [@bib50]; [@bib59]). Compared with canonical Nav channels (Nav1.1--Nav1.7), the functional and pharmacological properties of this non-canonical channel are relatively unexplored ([@bib31]), in part because it cannot be reliably studied in heterologous expression systems. Indeed, we have tried to express Nav1.9 in *Xenopus laevis* oocytes and various mammalian cell lines along with an array of auxiliary β subunits and regulatory proteins, but have not been able to record the activity of functional channels. In the present study, we circumvent this obstacle by transplanting specific regions from the putative voltage sensors of both the human (h) and rat (r) Nav1.9 orthologues into voltage-activated potassium (Kv) channels and studying their response to changes in membrane voltage and exploring whether they interact with protein toxins from venomous organisms. To test whether the native Nav1.9 channel is sensitive to toxins identified using this approach, we examined the pharmacological sensitivity of Nav1.9-mediated currents in rat DRG neurons. Our results suggest that Nav1.9 channels possess functional voltage sensors that interact with scorpion and tarantula toxins, features that are shared with canonical Nav channel isoforms. We also demonstrate that the voltage sensor pharmacology of these channels differs from other Nav channels.

MATERIALS AND METHODS
=====================

Channel and chimera constructs
------------------------------

Chimeras and point mutations were generated using sequential PCR with Kv2.1Δ7 ([@bib35]; [@bib81]), Kv1.3 ([@bib76]), rNav1.8 ([@bib2]), or hNav1.9 ([@bib12]) as templates. Kv1.3, rNav1.8, and hNav1.9 clones were provided by C. Deutsch (University of Pennsylvania, Philadelphia, PA), J.N. Wood (University College London, London, England, UK), and R. Blum (LMU, Munich, Germany), respectively. β1 was provided by L.L. Isom (University of Michigan, Ann Arbor, MI). rNav1.9/Kv2.1 chimeras were constructed using synthetic DNA coding for the S3b--S4 paddle motifs in each of the four rNav1.9 voltage sensors (Integrated DNA Technologies). The Kv2.1Δ7 construct contains seven point mutations in the outer vestibule ([@bib81]), rendering the channel sensitive to agitoxin-2, a pore-blocking toxin from scorpion venom ([@bib36]). The DNA sequence of all constructs and mutants was confirmed by automated DNA sequencing, and cRNA was synthesized using T7/SP6 polymerase (mMessage mMachine kit; Invitrogen) after linearizing the DNA with appropriate restriction enzymes.

Spider and scorpion toxin purification
--------------------------------------

AahI and AaHII from *Androctonus australis* hector venom, TsVII from *Tityus serrulatus* venom (provided by C. Diniz, Centro de Pesquisa e Desenvolvimento, Belo Horizonte, Brazil), BotIII from *Buthus occitanus* tunetanus venom, BomIV from *Buthus occitanus* mardochei venom, and CssIV and CssVI from *Centruroides suffuses* suffuses venom were purified as described previously ([@bib52],[@bib53]; [@bib20]; [@bib22]). Synthetic ProTx-I was acquired from Peptides International, and purified PaurTx3 was acquired from Alomone Laboratories. ProTx-II, GxTx-1E, and Ap-B were provided by M.M. Smith (Merck, Rahway, NJ), J.I. Kim (Gwangju Institute of Science and Technology, Gwangju, Korea), and K.M. Blumenthal (SUNY Buffalo, Buffalo, NY), respectively. Hanatoxin was purified from *Grammostola spatulata* venom (Spider Pharm Inc.) as described previously ([@bib80]). SGTx1 and VsTx1 were synthesized using solid-phase chemical methods and were folded and purified as described previously ([@bib45]; [@bib43]). GrTx-SIA, SNX-482, and ATX-II were acquired from Sigma-Aldrich. Toxins were kept at −20°C. Before experiments, toxin aliquots were dissolved in appropriate solutions containing 0.1% BSA (or 1% BSA in the case of TsVII).

Two-electrode voltage clamp recording from *Xenopus* oocytes
------------------------------------------------------------

Channel constructs and rNav1.8/β1 were expressed in *Xenopus* oocytes and studied after 1--4-d incubation after cRNA injection (incubated at 17°C in 96 mM NaCl, 2 mM KCl, 5 mM HEPES, 1 mM MgCl~2~, 1.8 mM CaCl~2~, and 50 µg/ml gentamycin, pH 7.6 with NaOH) using two-electrode voltage clamp recording techniques (OC-725C; Warner Instruments) with a 150-µl recording chamber. Data were filtered at 3 kHz and digitized at 20 kHz using pClamp software (Molecular Devices). Microelectrode resistances were 0.1--1 MΩ when filled with 3 M KCl. For most Kv channel experiments, the external recording solution contained: 50 mM KCl, 50 mM NaCl, 5 mM HEPES, 1 mM MgCl~2~, and 0.3 mM CaCl~2~, pH 7.6 with NaOH. For Nav channel experiments, the external recording solution contained 96 mM NaCl, 2 mM KCl, 5 mM HEPES, 1 mM MgCl~2~, and 1.8 mM CaCl~2~, pH 7.6 with NaOH. For Nav channel experiments, oocytes were coinjected with the β1 subunit ([@bib40]) in a 1:5 molar ratio. All experiments were performed at room temperature (∼22°C). Leak and background conductances, identified by blocking the channel with agitoxin-2, have been subtracted for all of the Kv channel currents shown. The rNav1.8 isoform was rendered tetrodotoxin (TTX) sensitive by introducing the S356F mutation ([@bib72]) so that the toxin could be used to isolate Nav channel currents.

Analysis of channel activity and toxin--channel interactions
------------------------------------------------------------

Voltage--activation relationships were obtained by measuring tail currents for Kv channels or steady-state currents and calculating conductance for Nav channels, and a single Boltzmann function was fitted to the data according to: I/I~max~ = (1 + e^−*zF*(V^ ^−^ ^V^~1/2~^)/RT^)^−1^, where I/I~max~ is the normalized tail current amplitude, z is the equivalent charge, V~1/2~ is the half-activation voltage, F is Faraday's constant, R is the gas constant, and T is temperature in Kelvin. Occupancy of closed or resting channels by toxins was examined using negative holding voltages where open probability was very low, and the fraction of unbound channels (Fu) was estimated using depolarizations that are too weak to open toxin-bound channels, as described previously ([@bib81],[@bib82]; [@bib48]; [@bib61]). After the addition of the toxin to the recording chamber, the equilibration between the toxin and the channel was monitored using weak depolarizations elicited at 5--10-s intervals. For all channels, we recorded voltage--activation relationships in the absence and presence of toxin. The apparent equilibrium dissociation constant (*K*~d~) for rNav1.8 was calculated according to *K*~d~ = ((1/(1 − Fu^1/3^)) − 1)\[Toxin\], assuming three independent toxin-binding sites per channel, with single occupancy being sufficient to inhibit opening in response to weak depolarizations. Offline data analysis was performed using Clampfit (Molecular Devices), Origin 7.5 (OriginLab), and Microsoft Solver (Microsoft Excel).

DRG preparation
---------------

Isolated DRG neurons were prepared from rats (postnatal day 20--30). Animals were anesthetized with isoflurane and decapitated. Segments of the spinal cord (thoracic and lumbar segments) were removed and placed in a cold Ca^2+^, Mg^2+^-free Hanks' solution containing (in mM): 137 NaCl, 5.3 KCl, 0.33 Na~2~HPO~4~, 0.44 KH~2~PO~4~, 5 HEPES, and 5.5 glucose, pH 7.4 with NaOH. The bone surrounding the spinal cord was removed, and dorsal root ganglia were exposed and pulled out. After removing the roots, ganglia were chopped in half and incubated for 20 min at 34°C in Ca^2+^, Mg^2+^-free Hanks' solution containing 20 U/ml papain (Worthington Biochemical Corporation) and 5 mM cysteine. Ganglia were washed and incubated for 20 min at 34°C in Ca^2+^, Mg^2+^-free Hanks' solution containing 3 mg/ml collagenase (type I; Sigma-Aldrich) and 4 mg/ml Dispase II (Roche). Ganglia were then placed in Leibovitz's L-15 medium (Invitrogen) supplemented with 10% fetal calf serum, 5 mM HEPES, and 50 ng/ml NGF (Invitrogen). Individual cells were dispersed by mechanical trituration using a fire-polished Pasteur pipette and plated on glass coverslips treated with 50 µg/ml poly-[d]{.smallcaps}-lysine. Cells were incubated at 34°C in a controlled atmosphere with 5% CO~2~ for 3 h, after which cells were stored at 4°C and used within 24 h ([@bib11]).

DRG patch clamp recording
-------------------------

Experiments were performed on small DRG neurons with a diameter of ≤30 µm. Whole cell recordings were made with a Multiclamp 700B amplifier (Molecular Devices). Patch pipettes were pulled from borosilicate glass (100 µl microcapillaries; VWR International) using a P97 puller (Sutter Instrument). The resistance of the patch pipette was 1.8--2.5 MΩ when filled with the standard internal solution containing (in mM): 67.5 CsCl, 67.5 CsF, 10 NaCl, 2 MgCl~2~, 10 EGTA, 10 HEPES, 14 Tris-creatine PO~4~, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.2 with CsOH. Patch pipettes were wrapped with Parafilm (Pechiney Plastic Packaging) to reduce pipette capacitance. Seals and whole cell configuration were established in a modified Tyrode's solution containing (in mM): 151 NaCl, 2 BaCl~2~, 0.03 CdCl~2~, 10 HEPES, and 13 glucose, pH 7.4 with NaOH. The inclusion of 30 µM Cd^2+^ served to inhibit calcium channel current without significantly blocking Nav1.8 or Nav1.9-mediated sodium current ([@bib11]; [@bib27]). After the whole cell configuration was established, the cell was lifted off the coverslip surface and placed in front of an array of quartz capillary tubes (internal diameter, 325 µm) to allow fast changes of external solution. External recording solution was a modified Tyrode's solution containing 300 nM TTX to block TTX-sensitive sodium current. In whole cell mode, the series resistance was ≤10 MΩ and was compensated up to 80%. Currents were filtered at 10 kHz and digitized at 50 kHz.

Online supplemental material
----------------------------

Fig. S1 defines the paddle motifs in Nav1.9 and rNav1.8. Fig. S2 shows an alignment of the paddle motif sequences in the four domains of the Nav channel family. Fig. S3 compares the gating properties of hNav1.9/Kv2.1 and hNav1.9/Kv1.3 constructs with rNav1.2a/Kv2.1 and rNav1.4/Kv1.3 chimeras. Fig. S4 describes the tail current voltage--activation relationships resulting from the transfer of the voltage sensor paddle motifs from hNav1.9 to Kv1.3. Fig. S5 illustrates the sensitivity of hNav1.9/Kv2.1 constructs to extracellular toxins. Fig. S6 reports the sensitivity of hNav1.9/Kv2.1 and hNav1.9/Kv1.3 DIII constructs to ProTx-I and HaTx. Fig. S7 compares the toxin sensitivities of hNav1.9/Kv2.1 and rNav1.2a/Kv2.1 constructs. Fig. S8 shows the tail current voltage--activation relationships resulting from the transfer of the voltage sensor paddle motifs from rNav1.8 to Kv2.1. Table S1 summarizes the gating properties of Kv2.1 and Kv1.3 channels containing paddle motifs from Nav1.8 and Nav1.9. The supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.201110614/DC1>.

RESULTS
=======

Transfer of hNav1.9 paddle motifs into Kv channels
--------------------------------------------------

All Nav channels consist of four connected domains (I--IV) ([@bib18]), each resembling a single subunit of a Kv channel ([@bib49]). These highly similar domains each contain an S1--S4 voltage-sensing domain and contribute S5--S6 segments to forming a central Na^+^-conducting pore. Studies on the related voltage sensors in Kv channels have identified an S3b--S4 helix-turn-helix motif, the voltage sensor paddle, which moves at the protein--lipid interface and drives activation of the voltage sensors and opening of the pore ([@bib41],[@bib42]; [@bib66]; [@bib4]; [@bib49]; [@bib24]). Recently, it was shown that paddle motifs are also an integral part of the voltage sensors in rNav1.2a and rNav1.4 ([@bib15]). As in Kv channels ([@bib4]), the paddle motifs in these two Nav channel isoforms are essential for voltage sensor activation and forming toxin receptor sites ([@bib15]).

Our initial goal was to establish whether the four S1--S4 domains in hNav1.9 channels can sense changes in membrane voltage by identifying paddle motifs that perform similar functions as in Kv channels and canonical Nav channels. To this end, we asked whether we could transplant specific S3b--S4 regions from the putative voltage-sensing domains of hNav1.9 into homotetrameric Kv2.1 channels without disrupting channel function ([Fig. 1 A](#fig1){ref-type="fig"}). Although this approach successfully identified paddle motifs in rNav1.2a and rNav1.4, the amino acid sequence of the non-canonical hNav1.9 channel differs substantially, particularly in the S3b--S4 regions ([Figs. S1 A](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1) and [S2](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)). For the domains I, II, and IV of hNav1.9, generating functional paddle chimeras ([Fig. 1, B and C](#fig1){ref-type="fig"}) was relatively straightforward using previously described boundaries for the paddle motif ([@bib4]; [@bib15]). In the case of the domain III paddle motif, we were only able to record ionic currents when the N-terminal half of S3b was not transferred ([Figs. 1, B and C](#fig1){ref-type="fig"}, and S1 A). The pharmacological sensitivity of this chimera (see below) must therefore be considered cautiously because a substantial portion of the S3b helix from Kv2.1 remains intact and in some cases contains crucial determinants of toxin binding ([@bib82]; [@bib48]; [@bib61]; [@bib4]; [@bib15]). However, the transferred region in all of the functional chimeras contains the essential basic residues that contribute to gating charge movement in Kv channels ([@bib1]; [@bib70]), suggesting that each of the four putative voltage sensors in hNav1.9 contains S3b--S4 paddle motifs that are capable of sensing changes in membrane voltage.

![Transfer of the voltage sensor paddle motifs from hNav1.9 to Kv2.1. (A) Cartoon representing a top view of Nav1.9 (left) and Kv2.1 (right). The central Na^+^- or K^+^-selective pore is surrounded by the four voltage sensors of the four domains (DI--DIV, delineated by the dotted line). In Nav1.9, the paddle motifs are not identical and are therefore colored differently: purple, domain I paddle (DI); red, domain II paddle (DII); blue, domain III paddle (DIII); green, domain IV paddle (DIV). This color code is used in the other figures. In Kv2.1, the paddle motifs are identical and therefore have the same color (gray). (B and C) Transfer of the hNav1.9 paddle motifs into Kv2.1. Families of potassium currents (B) and tail current voltage--activation relationships (C) for each chimeric construct (*n* = 16; error bars represent SEM). Holding voltage was −90 mV, and the tail voltage was −50 mV (−80 mV for DII). Bars in B are 1 µA and 100 ms.](JGP_201110614R_RGB_Fig1){#fig1}

Examination of the G-V relations for the hNav1.9/Kv2.1 paddle chimeras reveals that the paddle motifs from different domains have distinct effects on the gating properties of Kv2.1. The midpoints (and slopes) of the G-V relations for the four paddle chimeras are −10 mV (1.5), 1 mV (2.3), 19 mV (1.9), and 29 mV (1.6) for the domain II, I, III, and IV constructs, respectively ([Fig. 1 C](#fig1){ref-type="fig"} and [Table S1](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)). Although the same relative order of midpoints is observed when the domain II, III, and IV paddles are transplanted into Kv1.3, the domain I constructs are dramatically different between the two host Kv channels ([Fig. S4](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)). This comparison reveals that the gating properties of the chimeras are determined by the transplanted hNav1.9 paddle motifs and by the host Kv channel. These observations are not surprising given the complexity of gating transitions observed in Kv channels and the involvement of distinct regions (e.g., voltage sensors, S4--S5 linker, and S6 gate) within the channel ([@bib9]; [@bib39]; [@bib75]; [@bib83],[@bib84]; [@bib67],[@bib68],[@bib69]; [@bib73],[@bib74]; [@bib44]; [@bib77]; [@bib30]; [@bib60]; [@bib79]).

Kinetics of hNav1.9 paddle chimeras
-----------------------------------

Previous studies on rNav1.4 and hNav1.5 reveal that the voltage sensors in domains I--III move rapidly in response to changes in membrane voltage to trigger channel opening, whereas the response of the domain IV voltage sensor is slower and plays a crucial role in channel inactivation ([@bib71]; [@bib38]; [@bib25]; [@bib17]). Interestingly, domain IV paddle motifs from rNav1.2a and rNav1.4 slow opening when transplanted into Kv channels, suggesting that the domain IV paddle motif determines the slower kinetics of voltage sensor activation ([@bib15]). To explore whether domain IV serves a similar role in hNav1.9, we measured the kinetics of activation and deactivation of the four hNav1.9 paddle constructs in response to membrane depolarization and repolarization, respectively ([Fig. 2 A](#fig2){ref-type="fig"}). In contrast to what is observed in previously studied chimeras containing paddle motifs from rNav1.2a and rNav1.4, the kinetics observed for the domain IV construct of hNav1.9 does not stand out compared with the other domains, and there are considerable differences when the hNav1.9 paddles are transplanted into Kv2.1 or Kv1.3 backgrounds ([Figs. 2](#fig2){ref-type="fig"} and [S3](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)). However, one consistent trend is that constructs containing the paddle motifs from domains II, III, and IV exhibit relatively slow kinetics, comparable to what is observed for domain IV from rNav1.2a and rNav1.4 (Fig. S3). This observation raises the intriguing possibility that the slow kinetics of Nav1.9 gating observed in rat DRG neurons ([@bib29]; [@bib54]; [@bib6]; [@bib62]; [@bib27]; [@bib59]; [@bib26]) may result from slow activation of its voltage sensors rather than slow subsequent transitions (e.g., opening or inactivation).

![Kinetics of opening and closing for hNav1.9/Kv2.1 chimeric constructs. (A) Representative macroscopic currents showing channel activation (left) and channel deactivation (right) using the following voltage protocols: activation, 10-mV incrementing steps to voltages between −60 and +100 mV (−90 mV for DII) from a holding potential of −90 mV; deactivation, 10-mV incrementing steps to voltages between −10 and −100 mV (−150 mV for DII) from a test voltage of between +80 and +100 mV (holding potential is −90 mV). (B) Mean time constants (τ) from single-exponential fits to channel activation (filled circles) and deactivation (open circles) plotted as a function of the voltage at which the current was recorded. *n* = 4--8, and error bars represent SEM.](JGP_201110614R_RGB_Fig2){#fig2}

Toxins targeting hNav1.9 voltage sensors
----------------------------------------

Although canonical Nav channels are widely targeted by toxins from venomous organisms ([@bib19]; [@bib78]; [@bib13]), the pharmacological sensitivity of the hNav1.9 channel has not been explored because the channel cannot be heterologously expressed, and recording hNav1.9-mediated Na^+^ currents in transfected Nav1.9 knockout mice DRG neurons is technically challenging ([@bib59]). One class of toxins found in scorpion and tarantula venom interacts with S3b--S4 paddle motifs within voltage sensors of voltage-activated ion channels to alter their gating properties ([@bib64]; [@bib82]; [@bib21]; [@bib48]; [@bib41]; [@bib61]; [@bib4]; [@bib15]; [@bib57]), and in these instances, transferring the paddle motif between channels appropriately transfers toxin sensitivity ([@bib4]; [@bib15]; [@bib57]). To investigate whether toxins from venomous organisms can interact with the paddle motifs in hNav1.9, we screened 18 toxins from tarantula, scorpion, and sea anemone venom against the four hNav1.9 paddle constructs and observed six toxins that potently inhibit one or more of the chimeras ([Figs. 3](#fig3){ref-type="fig"} and [S5](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)). The results for five representative toxins are shown in [Fig. 3](#fig3){ref-type="fig"}, which include those for the tarantula toxins PaurTx3 ([@bib14]), ProTx-I, and ProTx-II ([@bib56]), and the scorpion toxins AaHII ([@bib52],[@bib53]) and TsVII ([@bib20]). In this group, the β-scorpion toxin TsVII and the tarantula toxin ProTx-I stand out as having robust activity against constructs containing the paddle motifs from hNav1.9.

![Sensitivity of hNav1.9/Kv2.1 constructs to extracellular toxins. Effects of toxins on Kv2.1 and chimeric constructs where paddle motifs were transferred from hNav1.9 into Kv2.1. Normalized tail current voltage--activation relationships are shown where tail current amplitude is plotted against test voltage before (black) and in the presence of toxin (other colors). Data are grouped per toxin (horizontally) and per chimera or wild-type Kv2.1 (vertically). Concentrations used are 100 nM PaurTx3, ProTx-I, ProTx-II, and TsVII, and 1 µM AaHII. The holding voltage was −90 mV, the test pulse duration was 300 ms, and the tail voltage was −50 mV (−80 mV for DII). *n* = 3--5, and error bars represent SEM.](JGP_201110614R_RGB_Fig3){#fig3}

In the case of the β-scorpion toxin TsVII, transfer of the domain II, III, or IV paddle motifs from hNav1.9 renders Kv2.1 sensitive to the toxin, with the domain II chimera exhibiting the largest inhibition in the presence of 100 nM TsVII ([Fig. 3](#fig3){ref-type="fig"}). Because Kv2.1 is insensitive to TsVII, the interaction of the toxin with the domain II--IV paddle motifs is likely indicative of interactions in hNav1.9. In the case of ProTx-I, transfer of the domain III or IV paddle motifs of hNav1.9 dramatically increases the toxin sensitivity compared with wild-type Kv2.1. Although ProTx-I can interact weakly with Kv2.1 itself ([@bib56]; [@bib15]), transfer of the domain I or II paddle motifs largely disrupts the effects of the toxin ([Fig. 3](#fig3){ref-type="fig"}), suggesting that the donor paddle motifs from hNav1.9 determine sensitivity to the toxin. Interpreting the results for the domain III chimera is not straightforward because this construct retains about half of the S3b helix from Kv2.1. However, the apparent affinity of ProTx-I is 10-fold higher for the domain III chimera (*K*~d~ = 173 ± 19 nM) compared with the Kv2.1 channel (*K*~d~ = 1,939 ± 153 nM) ([Fig. S6 A](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)), suggesting that the toxin can interact with the domain III paddle motif of hNav1.9. In addition, transfer of this paddle motif into Kv1.3 renders the channel more sensitive to ProTx-I (*K*~d~ = 116 ± 7nM) when compared with the Kv1.3 channel itself (*K*~d~ = 410 ± 58 nM) (Fig. S6 B). From these results, we conclude that ProTx-I does interact with the paddle motif from domain III of hNav1.9. The results with the domain IV chimera are more straightforward, and strongly suggest that ProTx-I also interacts with the paddle motif of this voltage sensor in hNav1.9. AaHII, as well as PaurTx3 and ProTx-II, provide clear examples of toxins that do not target the Kv2.1 channel or any of the chimeras containing paddle motifs from hNav1.9 ([Fig. 3](#fig3){ref-type="fig"}).

It is interesting that the profile of toxin--paddle interactions observed here for hNav1.9 is different from that of the rNav1.2a isoform ([@bib15]) ([Fig. S7](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)). A striking example is the inability of ProTx-II to interact with any of the hNav1.9 paddles, whereas three out of four paddle motifs in rNav1.2a are targeted. Conversely, PaurTx3 does not influence any of the hNav1.9 paddle constructs, but it robustly inhibits the rNav1.2a domain II paddle construct. AaHII interacts only weakly with the paddle motifs from domains II and IV from hNav1.9, whereas the toxin selectively and strongly targets the domain IV paddle motif within rNav1.2a. ProTx-I interacts with the paddle motif from domains III and IV from hNav1.9, yet the toxin targets domains II and IV in rNav1.2a. TsVII is unique among the five toxins in that it has a similar pharmacological profile for paddle motifs from hNav1.9 and rNav1.2a. These distinct profiles for hNav1.9 and rNav1.2a likely reflect the fact that the sequences of the S3b--S4 regions in these two channels are strikingly dissimilar. Indeed, the paddle motifs for the canonical Nav1.1--Nav1.7 channels are highly similar when comparing the same domains, whereas the paddle motifs in both rNav1.8 and hNav1.9 stand out as unique (Fig. S2).

Functional properties of rNav1.9 voltage sensors
------------------------------------------------

Our ultimate objective was to test whether the toxin--channel interactions identified using our chimeras actually occur with Nav1.9 channels in rat DRG neurons. Recognizing that the human and rat orthologues of Nav1.9 are not identical, we first constructed and studied the analogous Kv2.1 chimeras containing the paddle motifs from rNav1.9. Although the amino acid sequence of the rat and human orthologue differ significantly (percentage of conserved residues for the paddle motifs in domains I, II, III, and IV is 64, 64, 86, and 88, respectively), we were able to generate a set of functional Kv2.1 channels containing S3b--S4 paddle regions from the four voltage sensors in rNav1.9 ([Figs. 4](#fig4){ref-type="fig"} and S2, and Table S1). The G-V relations observed for these rNav1.9 chimeras were remarkably similar, and like hNav1.9/Kv2.1 chimeras, the constructs containing the paddle motifs from domains II, III, and IV exhibited relatively slow kinetics ([Fig. 4](#fig4){ref-type="fig"}).

![Sensitivity of rNav1.9/Kv2.1 constructs to extracellular toxins. (A) Families of potassium currents, (B, left) tail current voltage--activation relationships, and (B, right) kinetics of opening and closing for Kv2.1 channels containing paddle motifs from the four domains of rNav1.9 for each chimeric construct (*n* = 8, and error bars represent SEM). Holding voltage was −90 mV, and the tail voltage was −60 mV. Bars in A are 0.5 µA and 100 ms (200 ms for DII and DIV). Mean time constants (τ) from single-exponential fits to channel activation (filled circles) and deactivation (open circles) are plotted as a function of the voltage at which the current was recorded. (C) Effects of TsVII and ProTx-I on Kv2.1 and chimeric constructs where paddle motifs were transferred from rNav1.9 into Kv2.1. Normalized tail current voltage--activation relationships are shown where tail current amplitude is plotted against test voltage before (black) and in the presence of toxin (other colors). Concentration used is 100 nM. Apparent *K*~d~ of TsVII for the DII construct is 202 ± 6 nM. Apparent *K*~d~ of ProTx-I for DI, DIII, and DIV is 412 ± 8 nM, 77 ± 21 nM, and 133 ± 36 nM, respectively (calculated *K*~d~ assuming four independent toxin-binding sites per channel). The holding voltage was −90 mV, the test pulse duration was 300 ms, and the tail voltage was −60 mV. *n* = 3--5, and error bars represent SEM.](JGP_201110614R_RGB_Fig4){#fig4}

Next, we tested the sensitivity of the rNav1.9 constructs to TsVII and ProTx-I, the two toxins that stood out as having robust activity against hNav1.9 chimeras. Similar to what was observed with the human constructs, Kv2.1 channels containing the domain II paddle motif from rNav1.9 are sensitive to TsVII. In contrast to the human orthologue, transferring the paddle motifs from the remaining three rNav1.9 voltage sensors into Kv2.1 generates little or no sensitivity to the toxin ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). In the case of ProTx-I, inserting the domain I, III, or IV paddle motifs from rNav1.9 dramatically increases the toxin sensitivity of Kv2.1, whereas transferring the domain II paddle motif into Kv2.1 largely disrupts the effects of the toxin ([Fig. 4](#fig4){ref-type="fig"}). This pattern is similar to what we observe with hNav1.9, except that (a) ProTx-I targets an additional paddle motif in domain I of rNav1.9; and (b) at negative voltages, ProTx-I inhibits the opening of Kv2.1 containing the rNav1.9 domain IV paddle motif, whereas channel opening is enhanced at more depolarized voltages. This interesting feature is also observed when the tarantula toxin ω-grammotoxin-SIA is applied to P- and N-type calcium channels ([@bib55]), and suggests an enhanced probability of channel opening or an increase in single-channel conductance at positive voltages.

Collectively, these data show that both hNav1.9 and rNav1.9 channels contain S3b--S4 paddle motifs that can be targeted by animal toxins. Two toxins in particular, TsVII and ProTx-I, appear to be especially promising tools to investigate Nav1.9-mediated currents in DRG neurons.

Comparing Nav1.8 and Nav1.9 voltage sensor pharmacology
-------------------------------------------------------

A key obstacle in identifying and studying Nav1.9-mediated Na^+^ currents in rat DRG neurons is the presence of rNav1.8 channels, which open and inactivate in overlapping voltage ranges ([@bib54]) and like Nav1.9, are resistant to high concentrations of TTX (i.e., TTX-r). To evaluate the utility of ProTx-I and TsVII as tools to study rNav1.9 channels in native neurons, we first investigated the interaction of these toxins with rNav1.8. Although the β-scorpion toxin TsVII produces robust inhibition of the domain II rNav1.9 paddle chimera at 100 nM, this concentration of the toxin is without effect on rNav1.8 ([Fig. 5, A and B](#fig5){ref-type="fig"}), and even at 1 µM produces only modest inhibition of the channel ([Fig. 5, C and D](#fig5){ref-type="fig"}). When using protocols containing short depolarizing prepulses ([@bib21]), TsVII does not shift activation of rNav1.8 to negative voltages, although the modest inhibitory effect observed at high concentrations is somewhat enhanced ([Fig. 5, C and D](#fig5){ref-type="fig"}). These results suggest that TsVII would be useful in distinguishing between rNav1.8 and rNav1.9 in neurons, particularly when tested at low concentrations.

![Effect of TsVII on rNav1.8. (A) rNav1.8 currents at +15 mV are not affected by 100 nM TsVII (holding voltage was −90 mV). (B) G-V relationship of rNav1.8 before (black) and after (green) the application of 100 nM TsVII. *n* = 3, and error bars represent SEM. (C) rNav1.8 currents at +15 mV are only slightly inhibited when 1 µM TsVII is applied in combination with a preceding 5-ms depolarizing pulse to +30 mV (holding voltage was −90 mV) ([@bib21]). (D) Deduced G-V relationship of rNav1.8 before (black) and after (green) the application of 100 nM TsVII. Open circles indicate the use of a depolarizing prepulse. *n* = 3, and error bars represent SEM.](JGP_201110614R_RGB_Fig5){#fig5}

In contrast to TsVII, ProTx-I does influence rNav1.8 and was actually discovered in a search for inhibitors of that Nav channel isoform ([@bib56]). To investigate the utility of ProTx-I in characterizing Nav1.9 channels in rat DRG neurons, we examined the concentration dependence for inhibition of rNav1.8 and determined which paddle motifs are targeted by the toxin. At 100 nM, ProTx-I produces robust inhibition of rNav1.8 and shifts activation to positive voltages ([Fig. 6, A--C](#fig6){ref-type="fig"}). When the concentration dependence for inhibition at negative voltages was fitted with a Hill equation, an IC~50~ of ∼11 nM and a slope of 1.3 were obtained ([Fig. 6 D](#fig6){ref-type="fig"}), suggesting that the toxin interacts with multiple sites. Similar to what was observed for rNav1.9, three paddle motifs from rNav1.8 (I, III, and IV) are targeted by the toxin ([Figs. 6 E](#fig6){ref-type="fig"} and [S8](http://www.jgp.org/cgi/content/full/jgp.201110614/DC1)).

![Inhibition of rNav1.8 by ProTx-I. (A) Inhibition of rNav1.8 currents by 100 nM ProTx-I at +15 mV (holding voltage was −90 mV). (B and C) Current--voltage relationship (B) and deduced G-V relationship (C) of rNav1.8 before (black) and after (green) the application of 100 nM ProTx-I. *n* = 3--5, and error bars represent SEM. (D) Concentration dependence for ProTx-I inhibition of rNav1.8 plotted as fraction unbound (Fu) measured at negative voltages. Dotted line is a fit of the Hill equation to the data (IC~50~ = 10.9 ± 0.5 nM; slope = 1.3 ± 0.1). Solid line is a fit with a three-binding site model (*K*~d~ = 45.1 ± 2.7 nM). See Materials and methods for more information. (E) Effect of 100 nM ProTx-I on Kv2.1 channels containing paddle motifs from rNav1.8. Normalized tail current voltage--activation relationships are shown before and after the application of the toxin. *n* = 4, and error bars represent SEM.](JGP_201110614R_RGB_Fig6){#fig6}

Collectively, these results suggest that TsVII will preferentially interact with Nav1.9 channels in rat DRG neurons, and that ProTx-I will affect both rNav1.8 and rNav1.9. However, the effects of ProTx-I on these two channels might differ because the states stabilized by voltage sensor toxins are not always recapitulated in paddle chimeras, and the role of individual voltage sensors in the gating of these two Nav channel isoforms has not yet been explored (see Discussion).

Pharmacological sensitivity of Nav1.8 and Nav1.9 currents in rat DRG neurons
----------------------------------------------------------------------------

Having identified two toxins that target rNav1.9, we investigated their actions on native Na^+^ currents carried by Nav1.9 in rat DRG neurons. Previous work has shown that Nav1.9 channels carry a component of TTX-r Na^+^ current in small DRG neurons that activates at unusually negative voltages and inactivates very slowly ([@bib29]; [@bib54]; [@bib62]; [@bib10]; [@bib27]; [@bib50]; [@bib59]; [@bib47]). With TTX-sensitive currents blocked, rNav1.9-mediated current can be distinguished from rNav1.8-mediated current by a requirement for strongly negative holding potentials and by its slow activation and inactivation kinetics at voltages near −60 mV; in contrast, rNav1.8-mediated current retains nearly full availability at holding potentials as positive as −50 mV and is first activated by steps near −20 mV ([@bib11]). [Fig. 7](#fig7){ref-type="fig"} shows recordings from a small rat DRG neuron, using a pulse protocol expected to activate predominantly rNav1.9-mediated currents. With TTX in the recording solution, steps to voltages between −55 and −35 mV activate very little current when the holding potential was set to −80 mV. However, when the holding potential is changed to −120 mV, there is a dramatic enhancement of the current activated between −55 and −35 mV. This current inactivates very slowly, with decay by 50 ± 14% (mean ± SD; *n* = 14) over 2 s at −50 mV. This slow inactivation is very similar to the properties of Nav1.9 previously reported ([@bib29]; [@bib54]; [@bib6]; [@bib62]; [@bib27]; [@bib50]; [@bib59]; [@bib26]).

![Effect of TsVII on native Nav1.9 currents in rat DRG neurons. (A) Enhancement by 100 nM TsVII of TTX-r current evoked by steps to voltages between −55 and −35 mV. Control currents were recorded with a steady holding potential of either −80 mV (black traces) or −120 mV (blue traces), established for \>5 min to remove inactivation from rNav1.9 channels. In both cases, the test pulse was preceded by a 400-ms step to −140 mV. 100 nM TsVII (green traces) was applied at the holding potential of −120 mV. (B) Peak conductance versus test voltage before and after 100 nM TsVII (different cell than A). Closed symbols, peak conductance calculated from peak current using a reversal potential of +50 mV; smooth curves, best fits to a Boltzmann function according to G = G~max~/(1 + e^−(V^ ^−^ ^V^~1/2~^)/k^), where G~max~ is the maximal conductance, V~1/2~ is the half-activation voltage, and k is the slope factor. Control: G~max~ = 25 nS, V~1/2~ = −34 mV, and k = 4.9 mV. 100 nM TsVII: G~max~ = 174 nS, V~1/2~ = −54 mV, and k = 2.3 mV. (C) Voltage dependence of inactivation determined using a test pulse to −50 mV from a variety of holding potentials established for 2 s. Smooth curves are best fits to a Boltzmann function according to: I/I~max~ = (1 + e^(V^ ^−^ ^V^~1/2~^)/k^)^−1^, where I/I~max~ is the normalized peak conductance, V~1/2~ is the midpoint of inactivation, and k is the slope factor. Control: V~1/2~ = −45 mV and k = 6.2 mV. 100 nM TsVII: V~1/2~ = −55 mV and k = 3.6 mV. All solutions contained 300 nM TTX to block TTX-s Nav channels.](JGP_201110614R_RGB_Fig7){#fig7}

We began exploring the pharmacological sensitivity of native rNav1.9 channels by investigating the effects of the β-scorpion toxin TsVII. Consistent with its ability to interact with voltage sensor motifs from Nav1.9, TsVII has a large effect on rNav1.9-mediated currents with characteristics suggesting interaction with the voltage-sensing machinery of the channel. At 100 nM, TsVII produces a dramatic enhancement of current evoked by steps to voltages between −55 and −35 mV ([Fig. 7 A](#fig7){ref-type="fig"}). The most frequently observed effect of β-scorpion toxins on Nav channels is to shift opening to more negative voltages by stabilizing the voltage sensors in an activated conformation ([@bib21]; [@bib16]). Although we can only study rNav1.9 currents in isolation over a relatively narrow voltage range (because rNav1.8 current begins to activate positive to −30 mV), plotting the voltage dependence of peak conductance as a function of voltage suggests that TsVII shifts the voltage dependence of activation to more hyperpolarized voltages ([Fig. 7 B](#fig7){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). In most cells, there is insufficient saturation of the conductance versus voltage curve to accurately fit Boltzmann functions, but a shift of voltage dependence by TsVII is clearly manifested by a much greater enhancement of currents at −55 mV (increase by an average factor of 46 ± 79) compared with −35 mV (increase by an average factor of 5.0 ± 4.7; mean ± SD; *n* = 7; P = 0.016; Wilcoxon test). We also examined the voltage dependence of inactivation of rNav1.9 channels by delivering 2-s prepulses and then assaying availability with a test pulse to −50 mV. The midpoint of inactivation is shifted in the hyperpolarizing direction by TsVII ([Fig. 7 C](#fig7){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). On average, the midpoint of inactivation changes from −46.9 ± 4.9 mV in control to −53.4 ± 3.9 mV when 100 nM TsVII is applied (mean ± SD; *n* = 7; P = 0.031; Wilcoxon test).

###### 

Gating properties of Nav1.9-mediated currents in rat DRG neurons without and in the presence of 100 nM ProTx-I and TsVII

  No toxin                100 nM ProTx-I          No toxin         100 nM TsVII
  ----------------------- ----------------------- ---------------- ----------------
  Activation (V~1/2~)     Activation (V~1/2~)                      
  −42.1 ± 2.5 mV          −44.6 ± 2.2 mV          −42.1 ± 0.9 mV   −46.8 ± 4.0 mV
  Inactivation (V~1/2~)   Inactivation (V~1/2~)                    
  −48.7 ± 4.1 mV          −50.1 ± 3.9 mV          −46.9 ± 4.9 mV   −53.4 ± 3.9 mV

Next, we examined the actions of ProTx-I, the tarantula toxin that we found to interact primarily with rNav1.9 paddle motifs from domains III and IV. Similar to TsVII, ProTx-I produces a dramatic facilitation of rNav1.9 currents elicited by steps between −55 and −35 mV ([Fig. 8 A](#fig8){ref-type="fig"}). Also similar to what is observed with TsVII, ProTx-I appears to shift both activation and inactivation of rNav1.9 to more negative voltages ([Fig. 8, B and C](#fig8){ref-type="fig"}, and [Table I](#tbl1){ref-type="table"}). At 100 nM, ProTx-I enhances currents at −55 mV by a greater factor (4.6 ± 1.8) than at −35 mV (2.5 ± 2.0; mean ± SD; *n* = 5; P = 0.063; Wilcoxon test), consistent with a mechanism involving altered voltage dependence. The midpoint of inactivation also changes from −48.7 ± 4.1 mV in control to −50.1 ± 3.9 mV (mean ± SD; *n* = 5; P = 0.43; Wilcoxon test) ([Table I](#tbl1){ref-type="table"}).

![Effect of ProTx-I on native Nav1.9 currents in rat DRG neurons. (A) Enhancement by 100 nM ProTx-I of rNav1.9-mediated current evoked by same protocol as in [Fig. 7 A](#fig7){ref-type="fig"}. (B) Peak conductance versus test voltage before and after 100 nM ProTx-I (different cell than A). Closed symbols, peak conductance calculated from peak current using a reversal potential of +50 mV; smooth curves, best fits to a Boltzmann function, as in [Fig. 7 B](#fig7){ref-type="fig"}. Control: G~max~ = 70 nS, V~1/2~ = −35 mV, and k = 5.0 mV. 100nm ProTx-I: G~max~ = 49 nS, V~1/2~ = −44 mV, and k = 6.0 mV. (C) Voltage dependence of inactivation determined using a test pulse to −50 mV from a variety of holding potentials established for 2 s as in [Fig. 7 C](#fig7){ref-type="fig"}. Smooth curves are best fits to Boltzmann functions. Control: V~1/2~ = −41 mV and k = 6.2 mV. 100 nM ProTx-I: V~1/2~ = −47 mV and k = 5.6 mV. All solutions contained 300 nM TTX to block TTX-s Nav channels.](JGP_201110614R_RGB_Fig8){#fig8}

The similar effects of ProTx-I and TsVII on native rNav1.9 channels is especially interesting because the experiments with heterologously expressed rNav1.8 channels shows that ProTx-I inhibits the channels, whereas TsVII has little or no effect. We therefore examined the effects of the two toxins on rNav1.8 channels in DRG neurons ([Fig. 9](#fig9){ref-type="fig"}). Very similar to the results with) heterologously expressed channels, native rNav1.8 currents (elicited by a step from −50 to 0 mV) are affected only slightly by TsVII, whereas ProTx-I produces substantial inhibition. On average, the peak rNav1.8 current after 100 nM TsVII is reduced by 15 ± 10% (mean ± SD; *n* = 8), whereas the peak current after 100 nM ProTx-I is reduced by 56 ± 16% (mean ± SD; *n* = 11), consistent with previous results ([@bib63]).

![Effect of TsVII and ProTx-I on native Nav1.8 currents in rat DRG neurons. (A) Effect of 100 nM TsVII on rNav1.8-mediated current, evoked by a step from a holding potential of −50 mV in the presence of 300 nM TTX. (B) Effect of 100 nM ProTx-I on native rNav1.8-mediated current.](JGP_201110614_RGB_Fig9){#fig9}

Collectively, the results with TsVII and ProTx-I suggest that these toxins can interact with rNav1.9 in its native environment. The actions of ProTx-I are particularly interesting because the toxin has opposite effects on rNav1.8 and rNav1.9, the two TTX-r channels expressed in DRG neurons, enhancing rNav1.9 current but inhibiting rNav1.8 current.

DISCUSSION
==========

The goal of this study was to explore the functional and pharmacological properties of Nav1.9, a non-canonical Nav channel that in native neurons displays unusually slow activation and inactivation kinetics ([@bib29]; [@bib12]; [@bib54]; [@bib62]; [@bib27]; [@bib59]). By taking advantage of the portable nature of S3b--S4 paddle motifs within voltage-sensing domains ([@bib4]; [@bib15]; [@bib57]), we show that such motifs exist in each of the four voltage-sensing domains of human and rat Nav1.9, and that they can be transplanted into Kv channels and studied in isolation ([Fig. 1](#fig1){ref-type="fig"}). Our results reveal that each of the Nav1.9 paddle motifs can sense changes in membrane voltage and drive voltage sensor activation within Kv channels, similar to what has been found for canonical Nav channels ([@bib15]). Because the pharmacological sensitivities of Nav1.9 remain unexplored, we exploited these paddle constructs to search for toxins that might interact with Nav1.9 channels. We found that the Nav1.9 paddle motifs from all four domains can interact with toxins from scorpion or tarantula venom ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}), providing a clear parallel between Nav1.9 and canonical Nav channels.

The two most interesting toxins emerging from our screens are the scorpion toxin TsVII and the tarantula toxin ProTx-I, both of which interact with Nav1.9 paddle motifs ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) and potently facilitate the low-threshold, slowly activating and inactivating sodium current in rat DRG neurons ([Figs. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}) that has been ascribed to Nav1.9 ([@bib29]; [@bib54]; [@bib62]; [@bib27]; [@bib59]). In addition to targeting rNav1.9 in DRG neurons, TsVII and ProTx-I have very different actions on rNav1.8, the other TTX-r Nav channel present in these sensory neurons. At a concentration of 100 nM, TsVII produces a dramatic facilitation of rNav1.9 currents ([Fig. 7 B](#fig7){ref-type="fig"}) while only modestly inhibiting rNav1.8, either when heterologously expressed ([Fig. 5](#fig5){ref-type="fig"}) or in native neurons ([Fig. 9](#fig9){ref-type="fig"}), showing that the scorpion toxin can discriminate between these two TTX-r Nav channels. At the same concentration, ProTx-I causes both a pronounced potentiation of rNav1.9 currents ([Fig. 8](#fig8){ref-type="fig"}) and a robust inhibition of rNav1.8 ([Figs. 6](#fig6){ref-type="fig"} and [9](#fig9){ref-type="fig"}). Collectively, these findings provide strong evidence that TsVII and ProTx-I strongly interact with native rNav1.9 channels. Moreover, our collective results with a wide range of toxins demonstrate that Nav1.9 has different pharmacological sensitivities than other Nav channel isoforms ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, S5, and S7).

Although previous studies have shown that sensitivity to tarantula and scorpion toxins can be transferred along with paddle motifs ([@bib4]; [@bib15]; [@bib57]), the resulting effects on channel gating are sometimes paradoxical and difficult to predict. One example has been observed for α-scorpion toxins, a class of toxins that interacts with the voltage sensor in domain IV and interferes with Nav channel fast inactivation ([@bib64]; [@bib46]). Sensitivity to α-scorpion toxins can be transferred to Kv channels along with domain IV paddle motifs, but in the context of these chimeras, the toxin inhibits the channel by stabilizing a closed state ([@bib15]). The difference in activity of the toxin could be explained if the toxin stabilized related resting (or intermediate) states of the voltage sensors in both Nav and Kv channels, but full voltage sensor activation is required for inactivation in Nav channels or for opening in Kv channels ([@bib17]). In this scenario, the states that are stabilized in the two channels are related, but the voltage sensors couple to distinct gating transitions. Another example has been reported for β-scorpion toxins, a family of toxins that facilitate Nav channel activity by shifting opening to more negative voltages by interacting with the voltage sensor in domain II and stabilizing it in an activated state ([@bib51]; [@bib21], [@bib23]; [@bib16]; [@bib15]). Previous experiments show that the sensitivity to the β-scorpion toxin TsVII can be transferred to Kv channels along with the domain II paddle motif of rNav1.2a and rNav1.4, but in the context of these chimeras, the toxin inhibits by stabilizing a closed state ([@bib15]). Although the mechanism for stabilizing distinct states in Kv and Nav channels is unknown, this discrepancy suggests that other regions of the channel or the membrane environment play important roles in determining which states are stabilized. The present results with TsVII and rNav1.9 are reminiscent of what was observed with rNav1.2a because the toxin inhibits Kv channel chimeras while facilitating the opening of Nav1.9 channels in rat DRG neurons ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [7](#fig7){ref-type="fig"}). ProTx-I also facilitates the opening of rNav1.9 while inhibiting Kv channels containing paddle motifs from either domain III or IV of the Nav channel, similar to what is observed with TsVII ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [8](#fig8){ref-type="fig"}). Interestingly, the present results with rNav1.9 suggest that ProTx-I does not interact with the paddle motif in domain II, the domain most commonly targeted by β-scorpion toxins in other Nav channel isoforms. If the roles of the four voltage sensors in rNav1.9 gating are similar to canonical Nav channels, ProTx-I may work by stabilizing the voltage sensors from domain III and/or domain IV in a fully activated state.

Accumulating evidence suggests that Nav1.9 plays a particularly important functional role in the excitability of primary sensory neurons under conditions where the neurons become hyperexcitable on exposure to inflammatory mediators ([@bib65]; [@bib10]; [@bib50]; [@bib59]; [@bib26]). In the absence of such mediators, current carried by Nav1.9 channels appears to be negligible unless physiologically irrelevant holding potentials are established ([Figs. 7 A](#fig7){ref-type="fig"} and [8 A](#fig8){ref-type="fig"}). However, there is a dramatic enhancement of Nav1.9-mediated current by a variety of inflammatory mediators ([@bib65]; [@bib10]; [@bib26]) or if G protein pathways are activated by GTP-γ-S ([@bib8]; [@bib6]; [@bib59]), in which case substantial Nav1.9 currents appear at the resting potential, resulting in cell depolarization and hyperexcitability. A particularly dramatic enhancement of Nav1.9-mediated current can be produced by simultaneous application of multiple inflammatory mediators in an "inflammatory soup" ([@bib50]), suggestive of a large reserve of Nav1.9 channels that can be recruited by modulatory pathways. Our results with TsVII and ProTx-I also suggest a large pool of rNav1.9 channels that are present but not activated under normal conditions: 100 nM TsVII enhances the current evoked from a holding potential of −120 mV by an average of 35-fold (for a step to −50 mV), and the combined effect of changing the holding potential from −80 to −120 mV and applying 100 nM TsVII results in an average enhancement of current at −50 mV by 89-fold.

Although the actions of TsVII and ProTx-I on human and rat Nav1.9 demonstrate that this unusual Nav channel has structural features and functional properties that are similar to canonical Nav channels, these toxins themselves are not suitable for in vivo experiments geared toward exploring the role of Nav1.9 in pain transmission and other physiological responses because both toxins interact with other voltage-activated ion channels. TsVII also facilitates the opening of rNav1.2a ([@bib15]) and rNav1.4 channels ([@bib16]), whereas ProTx-I inhibits several other Nav channel isoforms and Cav3.1 channels ([@bib56]), making it difficult to trace any actions of the toxins back to Nav1.9. However, the effects of the toxins clearly show that Nav1.9 paddle motifs constitute an attractive pharmacological target and also demonstrate the possibility of discriminating between Nav1.8 and Nav1.9, with agents targeting the gating machinery of the channels. More broadly, the results show that making chimeras using paddle motifs grafted onto a Kv channel backbone can be used as an effective strategy for identifying pharmacological agents capable of interacting with channels whose full heterologous expression is difficult or impossible. This chimera strategy should be of wide utility for setting up novel screening programs for a variety of difficult-to-express voltage-activated channels. Given the important role of Nav1.9 in inflammatory and diabetic neuropathy pain ([@bib32]), such an approach targeted at Nav1.9 channels seems promising as a new strategy for developing novel pain treatments.
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